The complexation equilibria of Fe(III) with resorcylic acid (2,4-dihydroxybenzoic acid, DHB) were studied spectrophotometrically in ethanol-water (4 + 6, v/v) at an ionic strength of 0.1M NaClO 4 . The complexation reactions were demonstrated and characterized. A simple, rapid, and sensitive method based on the formation of the Fe(III)-DHB complex at pH 2.5 (l max = 520 nm, e = 0.8 x 10 4 L/mol"cm) was developed for the spectrophotometric determination of Fe(III). The effect of diverse ions on the sensitivity of the proposed method was studied. The Fe-DHB complex was isolated and characterized by both elemental analysis and infrared spectroscopy. The thermal behavior of the complex in dynamic nitrogen gas was studied by thermogravimetric and differential thermogravimetric analysis. Thermal events encountered throughout the course of decomposition were monitored. A computer program was used for regression analysis and for determination of kinetic and thermodynamic parameters from experimental nonisothermal thermogravimetric data. The proposed method was tested by determinations of iron in various synthetic samples and Portland cement materials.
V arious methods have been described for the trace determination of iron (1, 2) . Thiocyanate; 1,10-phenanthroline; and 4,7-diphenyl-1,10-phenanthroline have been commonly used in these procedures. However, these methods have many drawbacks, e.g., low sensitivity, variation in color intensity, necessity for some separation processes, and lack of selectivity because of the formation of colored products. Other methods using azo dyes (3), 5-chlorosalicylic acid (4), 8-hydroxyquinoline (5), 5-sulfosalicylic acid (6) , nitrosophenols (7) , and semicarbazone derivatives (8) are reasonably sensitive, but serious interferences arising from the coloration of transition metal ions are sometimes unavoidable.
The complexation equilibria of Fe(III) with 1-amino-4-hydroxyanthraquinone (9) and 3-hydroxypicolinic acid (10) were studied in previous work. Because it was known that Fe(III) forms stable complexes with salicylic acid and the analogous heteroaromatic compound (2-hydroxynicotinic acid; 11), it appeared that a study of the complexation equilibria of resorcylic acid (2,4-dihydroxybenzoic acid, DHB) with Fe(III) was warranted. A literature survey revealed that no studies had yet been reported involving the complexation equilibria of Fe(III) with this reagent.
In this paper, we report the results of a spectrophotometric study of the complexation equilibria of DHB with Fe(III) in ethanol-water (4 + 6, v/v) at an ionic strength, I, of 0.1M NaClO 4 . The goal of this work was to study the equilibria that exist in solution and to determine the basic characteristics of the complexes formed. A simple, rapid, and sensitive method based on the formation of the Fe(III)-DHB complex was developed for the determination of Fe(III). The proposed method was applied successfully to the determination of Fe(III) in various synthetic samples and Portland cement materials. Also, this study examined the thermal stability of the Fe(III)-DHB complex. Extensive information about behavior and mechanistic criteria cannot be obtained without understanding the kinetics of the decomposition process. Therefore, the present study also set out to analyze thermoanalytical data obtained under nonisothermal conditions of Fe(III)-DHB complexation in order to evaluate various thermodynamic parameters and ascertain the mechanism describing the thermal process.
Experimental

Reagents
All chemicals used were analytical-reagent grade, and deionized water (or pure ethanol) was used for preparation of solutions. A stock solution of DHB (5 × 10 -3 M) was prepared in ethanol, and the appropriate dilutions were made. A 5 × 10 -3 M solution of iron chloride was prepared in 0.1M perchloric acid and standardized as recommended (12) . The solutions of diverse ions were prepared as usual. The pH of the working solutions was adjusted by addition of a dilute solution of HClO 4 or NaOH. The ionic strength was kept constant at I = 0.1M NaClO 4 .
Apparatus
Absorption spectra were recorded with a Perkin Elmer Lambda 3B spectrophotometer in the range of 300-600 nm by using 1 cm matched quartz cells, and pH values were mea-sured with a Radiometer pH meter (Model M 63) equipped with a Radiometer combined glass electrode (GK 2301 C). The pH meter was calibrated with standard buffer solutions. All measurements were made in the presence of spectro grade ethanol-water (4 + 6, v/v) at 20°C. pH values of partially aqueous solutions were corrected as described by Douheret (12) : pH * = pH(R) -* where, pH* is the corrected reading and pH(R) is the meter reading obtained in partially aqueous media, the value of δ for aqueous solution containing varying proportions of each of the organic solvents were determined by Douheret <3. 25 .
Fourier Transform Infrared Spectroscopy (FTIR) FTIR spectra were obtained by the KBr disc technique in the wavelength range 4000-400 cm -1 by using a Nicolet 710 FTIR spectrophotometer.
Thermogravimetric Analysis (TGA)
TGA was performed according to the technique described by Wendland and Collins (13), using a Dupont Thermal Analyst 2000 equipped with a 951 TGA unit. Small portions of the test samples (10-15 mg) were used. Thermal measurement runs were performed at a heating rate of 10°C/min in a dynamic atmosphere of nitrogen (30 mL/min). The weight change was recorded on a Hewlett-Packard Colorpro graphic plotter.
Standard Procedure
To an aliquot containing up to 275 µg Fe(III) were added 5 mL 5 × 10 -3 M DHB solution and 2.5 mL 1M NaClO 4 solution. After the solution was mixed with the appropriate amount of ethanol, the pH of the solution was adjusted to 2.5. The solution was diluted to volume with deionized water in a 25 mL volumetric flask, and the absorbance was measured at 520 nm vs a reagent blank prepared in the same way, but containing no Fe(III).
Results and Discussion
Acid-Base Equilibria of DHB in Ethanol-Water (4 + 6, v/v)
The absorption spectra of a 1.25 × 10 The variation of absorbance with pH at the selected wavelengths was interpreted according to Relationship 1; it was assumed that a particular equilibrium of Form 2 was the only equilibrium existing under the specified conditions and that it was characterized by an equilibrium constant K a :
Graphical logarithmic analysis was applied to each wavelength, and the deviation, σ from the mean pK value was evaluated by using equation 3:
where pK is the mean value calculated from pK values obtained for individual wavelengths n, and N 8 is the number of wavelengths used.
Complexation Equilibria of Fe(III) with DHB
The complexation equilibria of Fe(III) with DHB were studied in ethanol-water (4 + 6, v/v) in the pH range 0.5-8.0. The visible absorption spectra of solutions were recorded in the presence of an excess of the metal ion, in equimolar solutions, and in the presence of excess reagent.
The absorption spectra of equimolar solutions and of solutions with an excess concentration of Fe(III) or DHB are analogous, and they reflect the formation of a complex with λ max = 520 nm, at pH 
At pH values of >3.2, the absorbance decreases because of the hydrolysis of the complexed ligand according to Equilibrium (II):
By considering the values of the dissociation constants of DHB under our experimental conditions, we can assume the following complexation equilibria during direct and logarithmic analysis of the absorbance-pH graphs:
The graphical and logarithmic analysis (14) of the absorbance-pH graphs did not prove the existence of Equilibrium A, but a complex equilibrium involving dissociation of 2 protons in accordance with Equation B was confirmed unambiguously. This may be interpreted on the basis that chelate formation with the H 3 L form of the reagent takes place through the carboxyl and hydroxyl groups and leads to proton displacement. The ascending region of the absorbance-pH graphs for solutions with excess ligand in the pH range 1.2-3.0 was analyzed by assuming the validity of Equilibrium B and Equation 4:
For equimolar solutions, equation 5 is valid:
The existence of this complex equilibrium in solutions with excess metal ion was proved for the pH range 1. The calculated values of the molar absorptivity, equilibrium constants, and stability constants of the Fe(III)-DHB complexes are given in Table 1 .
Stoichiometry of the Complex
The composition of the complex was further verified by the method of continuous variation (15) . In solutions having C o = C M + C L = 6 × 10 -4 M at pH 2.5, the plot of absorbance at λ max = 520 nm versus mole fraction of Fe shows a maximum at 0.5, suggesting the formation of a 1:1 (metal:ligand, M:L) complex.
Calibration Graph and Reproducibility
Under the optimum conditions given in the Standard Procedure section, a linear calibration graph was obtained for Fe(III) at #11 µg/mL. A Ringbom plot showed that the optimum range for the determination of Fe(III) was 1.11-9.35 µg/mL. The sensitivity of the method, calculated according to Sandell (16) , was found to be 2.23 × 10
The relative standard deviation of the method was 0.667% for Fe(III). From the calibration graph, the slope was 70.08, the intercept was 0.1, the correlation coefficient was 0.9975, the limit of detection was 42 ng/mL, and the limit of quantification was 140 ng/ml.
Effect of Diverse Ions
The effect of diverse ions on the determination of Fe(III) with DHB was studied by adding a known quantity of the desired ion to a solution containing Fe(III) at 112 µg/25 mL, which was determined as described in the procedure. The tolerance criterion for a given ion was taken as the deviation of the absorbance values by more than ±2% from the value expected for Fe(III) alone. Table 2 summarizes the spectral characteristics of some of the reported methods for the determination of Fe(III). The proposed method compares favorably in terms of sensitivity. The comparison with other conventional reagents shows that DHB is a potential reagent for direct spectrophotometric determination of Fe(III). The proposed method is simpler and faster than many other sensitive methods. It has the advantages of high selectivity, reproducibility, and high stability in solution. Tables 3  and 4 , respectively.
Comparison of DHB with Other Spectrophotometric Methods
IR Spectra of the Solid Chelate
The IR spectra of the ligand and the Fe complex were examined. The ligand showed 2 sharp peaks at 3480 and 3580 cm for the 2 phenolic OHs, a strong peak at 1640 cm -1 for the carbonyl group, and a strong broad band at 2500-3250 cm -1 for the carboxylic-OH group. The spectrum of the complex showed a strong absorption band in the range 3650-2880 cm -1 and a ν OH (H 2 O) indicating the presence of water of crystallization (17) . Invariably, the 2 spectra show bands around 1250 cm -1 , which are assigned to the stretching frequencies of C-O (18). The complex revealed the characteristic strong carboxylate anion absorption bands at 1340 and 1580 cm -1 . The large separation interval, ∆ν (ν asym -ν sym = 220-250 cm -1 ), and the asymmetric and symmetric stretching frequencies of the carboxylate groups are consistent with monodentate coordination (19, 20) . Moreover, the IR spectrum of the complex confirms the absence of a free carboxylic acid group. The usual reduction in ν COO compared with the value for free-CO 2 H reveals that the coordination of DHB takes place through types I and II in the complex (19) :
Thermal Studies
The Fe(III)-DHB complex was prepared by refluxing a solution of DHB (0.107 g/100 mL) and Fe(III) (0.088 g/100 mL) in about 20 mL absolute ethanol, adjusted to pH 2.5, for 3 h. The reaction mixture was cooled, and the precipitate was washed with a few milliliters of cold ethanol. Microanalytical data for the isolated complex were in agreement with the suggested structure.The purity of the complex was checked by melting point and found to be 98%.
Additional studies were performed by TGA to confirm the molecular formulas assumed on the basis of elemental analysis, spectrophotometric studies, and IR characterization, and also to determine the water content of the complex. Thermoanalytical diagrams for the ligand and the corresponding solid complex are presented in Figures 4 and 5 , respectively. DHB decomposes in 2 steps (Figure 4 ). The first decomposition step, which is maximized at 97°C, involves a weight loss of 5.36%, which is slightly lower than the 5.52% anticipated for the evolution of 0.5 mol water. The second decomposition step at 220°C brings the total weight loss to 95.88% and can be ascribed to the total elimination of the sample with little carbon residue. Thus, one can conclude that DHB is thermally stable in the temperature range 20-200°C. Its pyrolytic decomposition starts at 200°C and ends at 250°C with the elimination of most of the sample. Figure 5 shows the thermogravimetric and differential thermogravimetric curves of the nonisothermal decomposition of the Fe(III)-DHB complex; it can be observed that the complex decomposes via 3 weight-loss events. The first event is accompanied by a 14.29% weight loss. This weight loss corresponds to a dehydration process resulting in the anhydrous complex and the evolution of 2 moles of water with a theoretical calculated value of 15.72%. The second event involves a weight loss of 47.02% with T max at 477°C. Figure 5 shows that the resulting solid product is thermally stable over a wide range of temperatures up to 650°C. The IR analysis of the gas phase released during the occurrence of the second event revealed the presence of absorption due to CO 2 (at 2340 cm -1 ) and CO (at 2145 cm -1 ) (21) . These results suggest that the second event involves the decomposition of the complex and its subsequent transformation into the carbonate.
The experimentally determined weight loss for this step is 47.02%, which is near the calculated value of 49.35%. Todor (22) (28) . The results showed that the Coats-Redfern kinetic equation Fn = 2 gives the best fit of the data, with a correlation coefficient very close to unity. Accordingly from the data, we conclude that the random nucleation mechanism gives the best fit of the data, and the initial nucleation occurs on the surface, followed by growth of the product from the surface toward the interior. Table 5 gives the kinetic parameters for the decomposition of the Fe(III)-DHB complex. From Table 5 it is clear that the activation energy corresponding to the first thermal event, 37.37 kJ/mol, is within the range that is characteristic of dehydration processes involving loosely bound water molecules (60 kJ/mol; 29).
Moreover, from the correlations found between the magnitudes of activation energy required for the decomposition of oxalates and the values for enthalpy of formation for the appropriate metal oxides (30), we concluded that the activation step in the carboxylate breakdown was the rupture of the M-O linkage. This conclusion is consistent with the correlation between these values for activation energy and enthalpy and the available recorded values (31) . A further point is that the activation energy values of 141.701 kJ/mol corresponding to the second thermal event were affected by the following factors: (1) an energy requirement for the dissociation of the -CO 2 -Fe bond participating (approximately 110 kJ/mol); (2) a reduction of the energy barrier by about 20 kJ/mol, resulting from the autocatalytic effect of the chemisorbed anion complex on the metal particle; and (3) a reduction in the energy barrier by approximately 40 kJ/mol when resonance stabilization of the activated complex anion was possible. a Definitions: E = activation energy; A = preexponential factor; S = entropy; G = free energy; H = entholpy.
